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EXECUTIVE SUMMARY 

This report summarizes the research activities conducted at the Argonne National 

Laboratory (ANL) under the FY 2016 Consolidated Innovative Nuclear Research (CINR) Funding 

Opportunity Announcement (FOA) award CFA-16-10644: Investigating Grain Dynamics in 

Irradiated Materials with High-Energy X-rays. This project is a collaboration between the ANL and 

the Los Alamos National Laboratory (LANL). The research activities conducted at the LANL is 

summarized in the companion report, LA-UR-19-29312 titled ñEVPSC Modeling of 316 Stainless 

Steel with and without Observed Phase Transformation.ò 

The project aims to develop a capability for conducting a multiscale experiment on an 

irradiated material enabled by high-energy X-rays by integrating in situ mechanical loading with a 

suite of high-energy X-ray techniques. The focus is on 3D microstructural characterization in situ 

to investigate grain dynamics in irradiated materials. A custom-made mTS5 - 5 kN micro test system 

was developed for conducting in situ tensile tests of radioactive specimens with 3D high-resolution 

far-field High-energy X-ray Diffraction Microscopy (ff-HEDM) and tomography at the beamline 

1-ID at the Advanced Photon Source (APS). A case study on neutron-irradiated Fe-9Cr specimens 

is presented, including ex situ near- and far- field HEDM and tomography before in situ tensile 

tests, in situ tensile tests with ff - HEDM and wide-angle X-ray scattering (WAXS), and ex situ near- 

and far-field HEDM and tomography after in situ tensile tests for neutron-irradiated Fe-9Cr 

specimens. Also discussed is in situ elevated-temperature tensile tests of a neutron-irradiated high-

temperature, ultrafine-precipitate strengthened (HT-UPS) stainless steel using the in situ 

Radioactive Materials (iRadMat) characterization apparatus. These new capabilities open up new 

opportunities for the nuclear material community to study complex reactor materials at multiple 

length scales, allowing for bridging a wide range of length scales that are inherent in the 

deformation and failure processes in irradiated materials. We also proposed to build an Activated 

Materials Laboratory (AML) next to the new long beamline, High-Energy X-ray Microscope 

(HEXM) at the APS, as part of the APS-Upgrade Project. The AML will facilitate the access to 

these advanced characterization tools by the nuclear community. 
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1 Introduction 

The development and deployment of advanced nuclear energy systems is critically 

dependent on advanced high performance materials that can tolerate extreme conditions of 

radiation, high temperature, stress, and corrosive environments. Life extension of existing nuclear 

power plants heavily relies on understanding of radiation-induced degradation in materials 

properties during long-term service.  Designing radiation, heat and corrosion-resistant materials 

and predicting the response of materials in extreme nuclear environments are grand challenges for 

future growth of nuclear energy.    

Radiation damage is a classical multi-scale physics problem. Irradiation produces a large 

concentration of point defects and defect clusters in a crystalline solid at the atomic scale and in 

pico-seconds. Further evolution of these defects leads to formation of various types of extended 

defect structures, such as dislocation loops, dislocation network, stacking fault tetrahedra, voids, 

and helium bubbles, as well as precipitates, and phase transformations that impact the integrity 

and lifetime of nuclear reactor components [1]. Prediction of mechanical properties of materials 

under irradiation requires a fundamental understanding of material behavior across a range of time 

and length scales. This multiscale complexity has limited the prediction to a few simple cases and 

model configurations.  Modeling the relationship between the state of microstructure and the 

deformation and damage mechanisms has remained largely phenomenological. The challenge is 

to capture the fundamental physical processes of the evolution of various types of microstructural 

barriers, and understand the interactions of these individual micro-processes, to determine the 

macroscopic mechanical response under service conditions. While multi-scale models are being 

actively developed, there is a lack of multiscale experimental data for validation and improvement 

of these models. The combined application of closely-coupled multiscale modeling and multiscale 

experimentation is key to the understanding and prediction of how the nano- and micro-scale 

structural evolution is linked with the macroscale response in a material.  

An ideal multiscale experiment requires combining a suite of techniques to analyze the 

material behavior at multiple scales in a single experiment to develop an integrated and accurate 

view of the structural interactions across the scales. Opportunity for such an experiment has arisen 

from the rapid advance of high-energy X-ray techniques offered at synchrotron radiation facilities. 

The high penetrating power of high-energy X-rays allows a millimeter-sized specimen tested in 

situ under thermal-mechanical loading to obtain reliable macroscale stress-strain behavior without 

compromise of bulk property measurements [2]. Deformation and failure mechanisms in a multi-

component, multi-phase engineering material can be elucidated at several length scales using 

multiple X-ray techniques. For instance, internal stresses in different phases, dislocation evolution, 

and nano-scaled void formation and growth in a ferritic-martensitic steel were revealed by 

simultaneous measurements of wide-angle X-ray scattering (WAXS) and small-angle X-ray 

scattering (SAXS) during tensile deformation [3,4].  Strain and texture mapping around a crack tip 

using in situ synchrotron X-ray diffraction (XRD) provided a better understanding of deformation 

and crack propagation mechanisms under static and fatigue loading [5]. Recently-developed high-

energy diffraction microscopy (HEDM) (also known as 3D XRD) can measure the micro-

mechanical states in each of hundreds to thousands of grains within a polycrystalline aggregate. 

This grain-scale interrogation revolutionizes the conventional measurements of average behavior 

of grain ensembles of materials, providing unprecedented details of grain dynamics crucial to the 

understanding of the effect of microstructural inhomogeneities on the macroscopic behavior of 

polycrystalline materials [7]. Combined imaging studies, such as grain structure mapping by 
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diffraction contrast tomography and crack mapping by synchrotron X-ray micro-tomography (m-

CT) provided new insight into the dynamic interaction of a growing crack with crystal structure 

and the contribution of different boundary types to cracking resistance in corrosive environments 

[7]. The synergy of WAXS, SAXS, HEDM, m-CT and in situ thermal-mechanical loading offer 

promises in probing structure over a range of length-scales, from angstroms to mm, mapping 

variations in grain characteristics including their positions, volumes, orientations, shapes, strains, 

and dislocation densities, voids and cracks, to paint a robust picture of material evolution.  These 

advanced X-ray techniques when applied to post-irradiation examination of nuclear materials, hold 

enormous potential for understanding and predicting the mechanical performance of materials in 

nuclear reactor environments. 

This project aims to develop the capability for conducting a multiscale experiment on an 

irradiated material enabled by high-energy X-rays. In situ mechanical loading of an activated 

specimen is integrated with a suite of high-energy X-ray techniques developed by the X-ray 

community with the focus on 3D microstructural characterization by far-field HEDM to 

investigate grain dynamics in irradiated materials. This new capability will open up new 

opportunities for the nuclear material community to study complex reactor materials at multiple 

length scales in a single experiment, and bridge a wide range of length scales that are inherent in 

the deformation and failure processes in irradiated materials. We also propose to build an Activated 

Materials Laboratory (AML) that will facilitate the access to these advanced characterization tools 

by the user community, particularly for effective use of the specimen library provided by the DOE 

Nuclear Science User Facilities (NSUF).  

 

2 3D Characterization of Neutron-Irradiated Specimens with in situ Tensile 
Loading 

2.1 Capability Development 

A custom-made mTS5 - 5 kN micro test system was developed in this project for conducting 

in situ tensile tests of radioactive specimens with 3D high-resolution far-field High-energy X-ray 

Diffraction Microscopy (ff-HEDM) and tomography at the beamline 1-ID at the Advanced Photon 

Source (APS). The test system was made by Psylotech. The main components include a 

mechanical frame, a miniaturized roller screw actuator, a strain gauge load cell, a universal testing 

hub, and a control unit with Psylotest software. The load capacity is 5kN. 

To test radioactive specimens using the micro test system at the APS, the radioactive 

specimen must be properly contained to prevent radiation contamination during the entire 

experimental period. An adequate radiation shielding is also required to minimize radiation 

exposure to personnel.  A set of grips with a double-layered kapton tube containment was designed 

to provide a primary containment for the radioactive specimen, as shown in Fig. 1. The grip set 

can be used for room-temperature tensile tests of two different types of subsized sheet-type tensile 

specimens given in Fig. 2. A secondary containment was designed to enclose the entire micro test 

frame when testing a radioactive specimen at the beamline, as shown in Fig. 1. This grip assembly 

and secondary containment allows handling of low-activity specimens in a designated control area 

(specimen exposure < 5 mR/h @ 30 cm). An exterior radiation shielding is required for handling 

and testing higher-activity radioactive specimens (specimen exposure > 5 mR/h @ 30 cm). The 

primary and secondary specimen containments have been approved by the APS Radioactive 
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Specimen Safety Review Committee (RSSRC) and are routinely used for testing radioactive 

specimens at the APS. 

 

 
Figure 1. 3D models showing the grip assemebly for a radioactive specimen installed in the Psylotech 

micro test frame. The radioactive specimen is contained in a double-layered kapton tube for a room-

temperature tensile test. The micro test frame is enclosed in a plastic secondary containment. 

 

 (a)

(b) 
Figure 2. Two types of subsized sheet-type tensile specimens: (a) total length of 25 mm, and (b) total 

length of 16 mm. 
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2.2 Case Study: in situ tensile test of neutron-irradiated Fe-9Cr alloy 

 
2.2.1. Ex situ near- and far- field HEDM and Tomography of Neutron-I rradiated Fe-9Cr Alloy 

before in situ Tensile Test 

Experimental Procedure  

Near-field and far-field HEDM and X-ray tomography was carried out at the APS beamline 

1-ID on three subsized sheet-type tensile specimens of an Fe-9Cr alloy, unirradiated, neutron 

irradiated to 0.1 dpa at 300 and 450°C, respectively. These three specimens were subsequently 

tensile tested in situ with far-field HEDM and WAXS measurements that are described in the 

following section. The schematic drawing of the specimen is given in Fig. 2(b). The nominal gage 

dimensions of the specimens were 1.2 mm (width) × 0.5 mm (thickness) × 5 mm (length) with a 

total length of 16 mm. The experimental setup for the nf- and ff-HEDM at the beamline 1-ID is 

shown in Fig. 3. The irradiated specimen was encapsulated in double-layered Kapton tubes.  

 
Figure 3. Experimental setup for ex situ near-field and far-field HEDM of a radioactive specimen at the 

APS beamline 1-ID. 

 

 

The beam energy, beam size and the specimen-to-detector (SD) distance for nf- and ff-

HEDM and X-ray tomography are given in Table 1. Tomography and ff-HEDM used box beams, 

and nf-HEDM used focused beams. Because the beam height of the focused beams for nf-HEDM 

was only 2 µm, each measured layer sampled a plane in the specimen cross section. Therefore, a 

number of layers were measured by nf-HEDM to sample a larger volume of the specimen. For the 

unirradiated specimen, 65 layers were measured by translating the specimen vertically along the 

specimen gauge direction. Multiple scans were conducted with the step size of 5 µm. The two 

irradiated specimens were measured in a similar fashion, and a total of 129 layers were measured. 

For all three specimens, the middle layer of the nf-HEDM measurements was located at the center 

of the specimen gage. The total volume measured by nf-HEDM was covered in two layers of the 

ff -HEDM measurements using box beams. 
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Table 1. Parameters for nf- and ff-HEDM and tomography measurements. 

 
Specimen Energy 

(keV) 

Beam size (mm × mm) SD distance (mm) Measurement 

Unirradiated 65.351 1.8 × 1 - tomo; 1.8 × 0.16 - ff; 

focused (2 µm) - nf 

856 mm for ff ; 

7 & 8.5 mm for nf 

1 layer - tomo; 2 layers - ff; 

65 layers, 5 um step - nf 

0.1 dpa/450°C 88.003 1.8 ×1 - tomo; 1.8 × 0.32 - ff; 

focused (2 µm) - nf 

856 mm for ff ; 11 

& 14 mm for NF 

1 layer - tomo; 2 layers - ff; 

129 layers, 5 um step - nf 

0.1 dpa/300°C 88.003 1.8 × 1 - tomo; 1.8 × 0.32 - ff; 

focused (2 µm) - nf 

856 mm for ff ; 

11 & 14 mm for NF 

1 layer - tomo; 2 layers - ff; 

129 layers, 5 um step - nf 

  

Grain reconstruction was performed using the Microstructural Imaging using Diffraction 

Analysis Software (MIDAS). Figure 4 shows an example of the reconstructed grain maps in real 

space of the same area measured by nf- and ff-HEDM in the unirradiated Fe-9Cr specimen. Figures 

4 (a) and (b) show ff -HEDM data, in which grains are represented by spheres showing the center-

of-mass (the centroid of the sphere) and the volume (the size of the sphere) of the grain. The colors 

indicate the completeness in Fig. 4(a) and the strain (× 10-6) in Fig. 4(b). The completeness is a 

measure of the reconstruction confidence, ranging from 0 to 1, calculated by the number of 

matched diffraction spots divided by the number of expected diffraction spots. Figures 4 (c) and 

(d) are nf-HEDM results showing the actual shapes of the grains. The colors in Fig. 4(c) show the 

completeness and in Fig. 4(d) show one of the Euler angles (Euler 0) of the grains with respective 

to the specimen coordination system. The ff-HEDM provides accurate measurements of 

microstrains due to its high angular resolution, while nf-HEDM can reveal the shapes of the grains 

due to its high spatial resolution.  

 

 
Figure 4. Reconstructed grain maps in real space of the same area measured by nf- and ff-HEDM in the 

unirradiated Fe-9Cr specimen (a) and (b) ff-HEDM measurement, (c) and (d) nf-HEDM measurement. 

 

 

Far-field HEDM results of neutron-irradiated Fe-9Cr alloy 

Figure 5 shows the ff-HEDM reconstruction data for the unirradiated Fe-9Cr specimen in 

real space and in the Rodrigues-Frank (RF) orientation space. Two layers measured by ff -HEDM 

were reconstructed individually, and grains that were artificially sliced were stitched together. The 

stitching algorithm was based on the misorientation angle, and a thresholding angle of 2° was used 
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in the analysis. The same threshold angle was used for grain identification in the nf-HEDM data 

analysis. Sixty-one grains were found in the measured volume in the unirradiated specimen. The 

average grain radius was 158 µm. Four largest grains identified were labeled as 1 to 4 in the top 

view (middle) in real space and in the RF orientation map (right) in Fig.5. Those four grains were 

used as fiducials for correlating the ff-HEDM and nf-HEDM results, and were tracked by ff-

HEDM during the subsequent in situ tensile test.  

Figures 6 and 7 show the ff-HEDM reconstruction of the 450°C/0.1dpa specimen and the 

300°C/0.1dpa specimen, respectively. The average grain radius of the 450°C/0.1dpa specimen was 

166 µm and 134 µm for the 300°C/0.1dpa specimen. Similar to the unirradiated specimen, four 

grains were selected in each of the irradiated specimens for comparison with nf-HEDM results and 

also serving as fiducials during the in situ tensile tests.   

 
Figure 5. ff-HEDM reconstruction of unirradiated Fe-9Cr: (left) 3D view and (middle) top view in real 

space; (right) RF orientation space view. The selected four grains are labeled as 1to 4 in the top view and 

the orientation space view. 

 
Figure 6. ff-HEDM reconstruction of 450°C/0.1dpa irradiated Fe-9Cr: (left) 3D view and (middle) top 

view in real space; (right) RF orientation space view.  

 
Figure 7. ff-HEDM reconstruction of 300°C/0.1dpa irradiated Fe-9Cr: (left) 3D view and (middle) top 

view in real space; (right) RF orientation space view.  
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Near-field HEDM results of neutron-irradiated Fe-9Cr alloy 

Figure 8 shows the nf-HEDM reconstruction of the middle layers of the unirradiated, and 

irradiated 450°C/0.1 dpa and 300°C/0.1 dpa specimens of the Fe-9Cr alloy. The grain maps are 

represented in three color bars: completeness, one of the Euler angle component (Euler0), and the 

kernel average misorientation (KAM). Out of those three, the completeness and the Euler0 plots 

are visualization of the direct output from the MIDAS software. The pixels in the KAM plots are 

the averages of the misorientation angles calculated using a given pixel and its first and second 

nearest neighbors. The KAM values are sensitive to local orientation changes, and are plotted to 

highlight the locations of boundaries where there are orientation discontinuities (e.g. grain 

boundaries, subgrain boundaries). As shown in each of the KAM plots in Fig. 8, the red lines 

outline the high angle grain boundaries in each specimen.  

 

 

 

 
Figure 8. Nf-HEDM reconstruction of the middle layers of the three specimens: layer 33 for the 

unirradiated, layer 65 for the 450°C/0.1dpa irradiated and for the 300°C/0.1dpa irradiated. Color bars 

indicate completeness (left), Euler0 angle (middle), and KAM (right). 
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Grains were identified based on orientations using the same stitching algorithm as in the 

ff -HEDM. The grain identification algorithm also used 2° as the misorientation threshold angle in 

the nf-HEDM data analysis. Pixels with misorientations equal to and smaller than the threshold 

value were considered as one grain. Since there are 300k -500k pixels in each layer and the pair-

wise misorientation calculation is computationally costly, the grain identification algorithm was 

performed on randomly-selected 5000 pixels in the first step. In the second step, the average 

orientation of the grain identified in the first step was calculated. Those grain orientations were 

plotted in the RF orientation space together with the orientations from all the pixels to visually 

confirm that all the orientations in the microstructure were sampled. In the last step, the 

misorientations between all the pixels and those averaged grain orientations were calculated, and 

the 2° threshold was used to group pixels with almost the same orientations as one grain. Figure 9 

shows the grain identification result in real space and in orientation space. Color bars indicate grain 

IDs. Four largest grains identified in the ff-HEDM were also found by nf-HEDM, and labeled as 

1 to 4 in each specimen in Fig. 9.  

 

 

 
Figure 9. Nf-HEDM reconstructions of the middle layers of the three specimens: the unirradiated, the 

450°C/0.1dpa irradiated and the 300°C/0.1dpa irradiated. Colors indicate the grain IDs. 












































